In contrast to well studied multiferroic manganites with a spiral structure, the electric polarization in multiferroic borates is induced within collinear antiferromagnetic structure and can easily be switched by small static fields. Because of specific symmetry conditions, static and dynamic properties in borates are directly connected, which leads to giant magnetoelectric and magnetodi electric effects. Here we prove experimentally that the giant magnetodielectric effect in samarium ferroborate SmFe 3 (BO 3 ) 4 is of intrinsic origin and is caused by an unusually large electromagnon situated in the microwave range. This electromagnon reveals strong optical activity exceeding 120 degrees of polarization rotation in a millimeter thick sample.
I. INTRODUCTION
Rapid progress of modern electronics requires a continuous search for new mechanisms of controlling electric and magnetic properties of materials. One of the promising recent developments targets materials with the magnetoelectric effect which allows to influence electric properties by magnetic field and magnetization by electric voltage [1] [2] [3] [4] . In view of future applications, the absolute value of magnetoelectric coupling is of crucial importance. One newly discovered material class with record values of the magnetoelectric effect are rare-earth borates [5] [6] [7] , RFe 3 (BO 3 ) 4 and RAl 3 (BO 3 ) 4 (R = rare earth ion). Especially in ferroborates with R = Sm, Ho colossal magnetic field-induced changes in the dielectric constant have been observed 8, 9 exceeding ∆ε/ε ∼ 300%. Up to now such unusually large changes in the dielectric constant were known to arise because of extrinsic effects, such as domain wall motion 10 or contact and grain boundary effects 11 . In the case of SmFe 3 (BO 3 ) 4 it has been suggested that an intrinsic magnetoelectric excitation may be responsible for the observed effects 8, 12 .
Such excitations in magnetoelectric materials are called electromagnons 13, 14 , and they are defined as magnetic excitations that interact with the electric component of electromagnetic radiation.
Although the existence of certain magnetoelectric modes in SmFe 3 (BO 3 ) 4 may be expected from the basic arguments, all relevant frequency ranges except for the microwaves could be excluded in previous experiments. In this work we prove the existence of a magnetoelectric excitation at gigahertz frequencies. The observation of the electromagnon in This incompatibility hampers the control of dynamic properties by static fields.
II. EXPERIMENTAL
Spectroscopic experiments in the terahertz frequency range (40 GHz < ν < 1000 GHz) have been carried out in a Mach-Zehnder interferometer arrangement 28 which allows measurements of the amplitude and the phase shift in a geometry with controlled polarization of radiation. Static electric polarization in multiferroic ferroborates can be explained by symmetry arguments and by taking into account that Fe 3+ moments are oriented antiferromagnetically within the crystallographic ab-plane 23, 31 . Within the topic of the present work the term governing the ferroelectric polarization along the a and b-axis (or x and y-axis, see Fig. 1a) is of basic importance. For the R32 space group of borates this term is given by
Here 
IV. RESULTS AND DISCUSSION
Typical transmittance spectra of SmFe 3 (BO 3 ) 4 in the frequency range of our spectrometer are shown in Figs. 2a-d. These results support the symmetry arguments given above and they can be consistently described by an electromagnon revealing an electric dipole moment parallel to the b-axis and with the magnetic dipole moment which can be switched between h a and h b depending on the orientation of the static magnetic field.
The eigenfrequency of the electromagnon in SmFe 3 (BO 3 ) 4 in zero magnetic field is determined by the weak magnetic anisotropy in the basis ab-plane and is estimated as ν 0 ≈ 5
GHz. This frequency increases roughly linearly with external magnetic field as demonstrated in Fig. 2e . Strong tunability of the electromagnon frequency in external fields makes multiferroic ferroborates an attractive material class for applications. As demonstrated in Fig. 2f and in agreement with the model given in Appendix A, the dielectric contribution of the electromagnon is initially saturated at the static value of ∼ 35 but decreases in external fields as
Here H E is the exchange field, H ′ A is the anisotropy field in the basis plane and ∆ε 0 ≃ 30 is the static dielectric contribution.
As mentioned above, the symmetry of the R32 space group of SmFe 3 (BO 3 ) 4 allow a static electric polarization which can be rotated by magnetic field. An immediate consequence for dynamic properties is the existence of strong nonzero magnetoelectric susceptibility of electromagnon in SmFe 3 (BO 3 ) 4 . Experimentally, these terms in the electrodynamic response would lead to a rotation of the polarization plane in the frequency range of the mode.
Because of the strong dielectric contribution of the electromagnon (∆ε ∼ 30) large values of the optical activity can be expected.
In order to prove that the dynamic magnetoelectric susceptibility induces optical activity in SmFe 3 (BO 3 ) 4 , we investigated the polarization state of the transmitted radiation as shown in Fig.3a,b . In these experiments the incident beam is linearly polarized. The transmitted power is measured for the analyzer rotated by the angle 0
• , 90
• , and ±45
• . Without optical activity the signal within 90
• (Fig. 3a) would be zero and the ±45
• spectra (Figs. 3c,d) would coincide, which evidently contradict the spectra in Fig. 3 . The evaluation of the transmitted power at different analyzer angle allows to fully characterize the polarization state of the transmitted radiation without additional measurements of the phase information.
For example, the rotation angle θ and the ellipticity η are given by
where It is a remarkable result of these experiments that a polarization rotation angle exceeding 120 degrees is obtained for a sample with thickness of 1.7 millimeter only. We stress that this rotation arises purely from dynamic magnetoelectric susceptibility which is intrinsic for electromagnon in SmFe 3 (BO 3 ) 4 . Static magnetic field is in this case needed solely to lift the resonance frequency of the electromagnon into the available range of our spectrometer. This is in contrast to the polarization rotation by charge carriers 33 or magnetic resonance 34 which require the Faraday geometry of the experiment and arise because of the off-diagonal elements in electric conductivity and magnetic permeability, respectively. 
V. CONCLUSIONS
In conclusion, this work demonstrates experimentally that the giant magnetodi electric effect in multiferroic ferroborate SmFe 3 (BO 3 ) 4 arises as a result of a large electromagnon in the gigahertz frequency range. Based on symmetry arguments, the electromagnon in In order to describe the dynamic magnetic, magnetoelectric and magnetodielectric properties of SmFe 3 (BO 3 ) 4 we shall consider the thermodynamical potential which depends on the ferromagnetic (m) and antiferromagnetic (l) vectors of the antiferromagnetically ordered Fe-subsystem, electric polarization P and external magnetic H and electric E fields:
The first term in Eq. (A1) represents the magnetic part in the antiferromagnetically ordered state with l ≫ m and l⊥m, and it is given by
where the first and second terms are the exchange and Zeeman energy, and the third term is the anisotropy energy
The uniaxial anisotropy stabilizes the magnetic moments within the basis ab plane (K ef f > 0) in which the anisotropy is determined by the hexagonal crystallographic anisotropy (K 6 ) and magnetoelastic anisotropy K 1u ∼ σ xx − σ yy , K 2u ∼ σ xy induced by internal stress (compression/elongation σ xx − σ yy and shift σ xy ) in the crystallographic ab plane.
In Eq. (A1) the magnetoelectric energy Φ me (m, l, P) relevant for the present analysis and related to the orientation of the Fe 3+ spins in the basis ab plane can be written as 31, 32 :
The electric part Φ e (P, E) of the thermodynamical potential Eq. (A1) is determined by the expression Φ e (P, E) = P
where χ e and χ e ⊥ are the crystal lattice parts of (di)electric susceptibility along and perpendicular to the c-axis, respectively. For the sake of simplicity the contribution of the Sm subsystem is not explicitly shown in Eqs. (A1)-(A3) but it is assumed that the corresponding parameters (A, M 0 , K ef f , c 2 , . . .) are renormalized due to Sm-Fe exchange interaction 31, 32 .
By minimizing the thermodynamic potential Φ in Eq. (A1) in P one obtains the equilibrium positions of the electric polarization:
where P 0 = c 2 χ e ⊥ determines the maximal spontaneous polarization in the basis plane in a single-domain state, which is induced by the antiferromagnetic Fe ordering. Substituting P into Eq. (A1) one can obtain the Landau-Lifshits equations for the dynamic magnetic variables m and l:
where Φ m = ∂Φ/∂m, Φ l = ∂Φ/∂l and γ F e = g F e µ B / is the gyromagnetic ratio for Fe-ions.
The linearization and solution of these equations with respect to small oscillations of m and l in the easy plane state l 0 b stabilized by the magnetic field H a allows to derive the magnetic and electric response to the alternating fields e and h:
Here magnetic χ m , magnetoelectric χ me , χ em and dielectric χ e susceptibilities are given bŷ where the individual terms are obtained as: 12 (see also
Ref. 35 ).
The functions
determine the frequency dispersion of the electrodynamic response near the resonance frequencies of the quasi-ferromagnetic (in-plane) mode
and the quasi-antiferromagnetic (out-of-plane) mode
where H The derivation of the magnetoelectric response given above has been performed assuming that the resonance frequencies of the rare-earth (Sm) ions determined by the exchange (RFe) splitting of its ground doublet are higher than the AFMR frequencies of Fe-subsystem.
This condition is fully satisfied for the low frequency quasi-ferromagnetic mode ω F where the giant magnetoelectric activity is observed. On the contrary, the frequency of quasiantiferromagnetic mode ω AF is comparable to that of the corresponding Sm-mode and, therefore, a coupling of Fe and Sm magnetic oscillation cannot be neglected 36 . However, due to high frequencies of these modes the dynamic magnetoelectric effect is weak and has not been observed.
Appendix B: Data processing
The light propagating along the z direction can be characterized by the tangential components of electric (E x , E y ) and magnetic (H x , H y ) fields. We write these components in the form of a 4D vector V:
The interconnection between vectors V 1 and V 2 , corresponding to different points in space separated by a distance d, is given by
The susceptibility tensor for SmFe(BO 3 ) 4 has the form: 
The total transfer matrix M is calculated following Berreman's method 30 . In the case of normal incidence the electromagnetic field inside the sample has the form of a plane wave exp(i(k z z − ωt)). The value of k z depends on the properties of the sample and is determined solving the Maxwell equations within the sample. In a first step the normal field components E z and H z are expressed in terms of four tangential components using The described procedure is only slightly modified in the case of oblique incidence.
As a next step, the transfer matrix M(d), which relates vectors V in the air (vacuum) on both sides of the sample, is written as
The matrix W is composed of four eigenvectors of the solution above and it transfers the tangential field components into the waves which propagate inside the sample. The diagonal matrix K jj = exp(ik z , j = 1, . . . , 4 and it describes the propagation of the electromagnetic eigenmodes along the z-direction.
To illustrate the procedure with a simple example, we describe an isotropic dielectric medium with simple constitutive equations D = εE and B = µH. In the case of normal incidence the eigenvalue problem can be written as: The complex transmission and reflection coefficients for the linearly polarized incident radi-
